We have performed density functional calculations with the B3LYP functional and a 6-311G** basis set to obtain the vibrational spectra in harmonic approximation of the anti-leprosy drug Dapsone and the parent compound diphenylsulfone. Although the chemical difference between the two molecules is not that pronounced (Dapsone has amino groups in the para positions in the phenyl rings), Dapsone is an active drug, while to our knowledge diphenylsulfone shows no medical activity. We compared the theoretical results to experimental vibrational spectra found in the literature. With the help of the program GAUSSVIEW we were able to assign the experimentally found spectral lines to specific atomic motions. The remarkable difference between the two molecules, regarding their structural behavior, is that the drug Dapsone has a more flexible structure of the phenyl ring than the parent molecule has. This might contribute to a greater ability of the drug to fit into receptor sites in a cell membrane although one has to be well aware that this plays most propably only a minor role in the drug activity of Dapsone.
Introduction
The interesting structure of aniline was the subject of many theoretical and experimental studies, and the pyramidal conformation of its nitrogen atom is well established in the literature [1 -5] . The non-planarity was reported to be a result of a balance between two opposing forces: the p-p conjugation of the nitrogen lone pair with the aromatic ring and the energy gained from highly directed sp 3 orbitals for the C-N bond formation [1] . A symmetric near-planar structure with C s molecular symmetry and an HNCC torsional angle (angle between the NH and the CC bonds as viewed along the NC bond) of about 20 degrees was predicted on DFT-B3LYP, MP2, MP4(SDTQ) and CCSD(T) levels of calculations with a 6-311G** basis set to be a real minimum on the potential surface of aniline [5] . At this low-energy form, the two N-H bonds are directed symmetrically towards the same side of the benzene ring. The NH 2 inversion barrier was predicted at the MP2 level of theory to be 2.1 kcal mol −1 [5] .
On the other side of the N atom the lone pair has the right direction to overlap with the π * orbitals of the ring. In this way the aromaticity of the phenyl 0932-0776 / 11 / 0100-0069 $ 06.00 c 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com group is not much reduced, and the electrons donated from the -NH 2 group into the antibonding π * system stabilize the molecule due to this negative hyperconjugation effect. Such a negative hyperconjugation has been described by Wojciechowski et al. [1] in their analysis of the natural bond orbital interactions in aniline. Further it is indicated by the slight lowering of the pyramidalization of the -NH 2 group. Note that the above arguments hold also when the benzene ring H atoms next to the -NH 2 group are substituted by Cl atoms [5] .
The planar structure of aniline was reported to be a clear transition state, since in a planar -NH 2 group the lone pair at nitrogen would be of purely 2p z character, and thus it would be involved in conjugation with the phenyl ring. Such a conjugation would certainly stabilize the planar -NH 2 group, but would destabilize the molecule as a whole, since conjugation would drastically reduce the aromatic character of the phenyl ring as for example in the aniline radical cation where, due to conjugation, the phenyl ring has an almost quinoidal character [1] . Thus the planar form (with a planar NH 2 group) was reported to be a transition state of the -NH 2 inversion [5] .
As a continuation of the investigations of the properties of substituted anilines we investigated the conformational stability and analyzed the vibrational spectra of the important sulfa drug Dapsone (4,4 -sulfonyldianiline) in the present study. The work was extended to diphenylsulfone as the main building block of Dapsone for the purpose of comparison. Further we were interested in the question whether or not there are clear differences in the vibrational behavior of the two molecules which might be a minor part of the reason why one of them (Dapsone) is a drug, while the other one (diphenylsulfone) to our knowledge shows no such medical activity. The reason is probably not an electronic one, since as outlined below the structure does not allow a back donation of electron density from the oxygen lone pairs into the antibonding part of the aromatic system. However, as discussed already for aniline, the lone pair on the nitrogen atoms should make the rings more electron rich than those in diphenylsulfone, which might well contribute to the medical activity of Dapsone. Density Functional B3LYP and ab initio MP2 calculations were employed in the study. The 6-311G** basis set was utilized in these calculations. The energies of the compounds in their stable conformations and the transition states were optimized at the two levels of calculation. The vibrational frequencies of both molecules in their ground-state structure were calculated at DFT-B3LYP level. The calculated wavenumbers are compared to experimental results. Complete vibrational assignments of the calculated normal modes were made on the basis of the results of GAUSSVIEW visualizations of calculated normal modes and experimental data, since it is of importance to have a clear knowledge, to what motions of atoms an observed vibrational line belongs and what might be the reason if during a modification a line would become diminished or enhanced.
Computational Details and Minimum Structures
The GAUSSIAN 03 program [6] , running on a 128 node High-performance e-1350 IBM Cluster, was used to carry out the DFT-B3LYP and the MP2 calculations. The 6-311G** basis set was employed to optimize the structures and predict the energies and the dipole moments of diphenylsulfone and 4,4 -sulfonyldianiline in their possible structures (Fig. 1) . The optimized structural parameters (on DFT level only) and energies of the molecules at the DFT-B3LYP and MP2 levels are listed in Tables 1 and 2 , while the calculated mini- Table 1 . Calculated (DFT) and experimental structural parameters for diphenylsulfone (X denotes H) and 4,4 -sulfonyldianiline (X denotes N), rotational constants and dipole moments (see Fig. 1 Fig. 1 . As is obvious from Table 1 , the few comparable X-ray structure data from ref. [7] for diphenylsulfone agree rather well with our calculated ones, given that solid-state effects are absent in our calculations. Further, as is also obvious from Table 1, we conclude that DFT together with our basis set yields a very reliable structure also for Dapsone as compared with the X-ray data [8] . Actually, the most noticeable discrepancies regard the H atom positions which are ill-defined in the experimental structure determination (film data). The poor data set used for the crystal structure determination might also be responsible for differences in bond lengths and angles observed in the phenyl rings [8] . Although only DFT structural parameters are listed in Table 1 , in the absolute minimum structures of both molecules there is not much a difference between DFT and MP2 results. The OSC bond angle of about 107 • is reasonably close to the expected tetrahedral angle at the sulfur atom. The absolute minimum is termed perpendicular, because the CSCC dihedral angle (being the angle between the C 3 S 1 and the C 2 C 6 bonds, projected onto a plane perpendicular to the S 1 C 2 bond, or -both are equal -the angle between the C 2 S 1 and the C 3 C 12 bonds, projected onto a plane perpendicular to the S 1 C 3 bond) in both structures is almost 90 • . Thus the planes of the phenyl rings in the minimum face each other in an almost C 2v symmetry. As explained in the Introduction, the situation at the -NH 2 groups in Dapsone is -as expected -very similar to the corresponding one in our previously published results on chlorine-substituted anilines [5] , with a pyramidal -NH 2 group having both hydrogens on the same side of the corresponding phenyl ring.
Since the S(3d)O(2p) π bonds are in the same plane as the SO 2 group, the lone pairs on the oxygen atoms are perpendicular to the plane, and thus point into the space above a phenyl ring, but are situated quite far away from the ring plane. Thus, although one cannot exclude that some back-donation of electrons between lone pairs and the antibonding ring π * orbitals might occur (negative hyperconjugation), we expect its effect on the structure of the system, if present at all, not to be too large.
In Table 1 we include for comparison a few experimental data we found in the literature for diphenylsulfone, and it is obvious that these agree reasonably well with our calculated ones. The structural data given in the table were calculated using DFT with a B3LYP (Becke-3-Lee-Yang-Parr) potential and a valence triple zeta basis augmented by polarization functions (6-311G**). From the X-ray data for Dapsone in reference [8] there is fair agreement between our calculated and the experimental structural data. What regards the phenyl rings, in a previous paper we compared calculated structures (with a somewhat smaller valence double zeta basis set, 6-31G**) [9] with experimental data for biphenyl, again finding reasonable agreement. Thus one can conclude that our computational method should be well applicable to Dapsone and diphenylsulfone. Also the reasonable agreement between calculated and experimental wavenumbers (as detailed in Tables 3 and 4) for the two systems makes us confident that our data can be trusted. Table 3 . Calculated (dp denotes calculated depolarization ratio) and observed wavenumbers (Infrared and Raman spectra) [21, 22] together with the ratio of observed to calculated wavenumbers (always with the observed infrared wavenumbers if possible) and the assignment of the vibrations to atomic motions based on the program GAUSSVIEW for diphenylsulfone (C 2v Intensities: v = very, w = weak, m = medium, s = strong, shd = shoulder. From measured peak heights these are: 0 < vw < 20 %, 20 < w < 40 %, 40 < m < 60 %, 60 < s < 80 %, 80 < vs < 100 %, percentage of peak height of the strongest line.
In our opinion the large energy differences between co-planar (phenyl planes parallel to the SO 2 plane) and perpendicular (phenyl planes perpendicular to the SO 2 plane) geometries should be mostly due to steric effects (see Table 2 for a definition of these geometries). Any rotation of a phenyl ring out of the perpendicular arrangement would lead to the hydrogens of the rotated ring pointing to the other ring plane with rather close distances. Thus even the rotation of only one ring out of the perpendicular arrangement should increase the energy of the structure. This effect becomes far more dramatic in the co-planar structure, where the hydrogens of the two rings are at close distance and thus in a highly repulsive geometry, indicated by the large energy differences between planar and perpendicular structures. The differences between DFT and MP2 relative energies have their reason in our case in the fact that we are dealing with non-bonding interactions, and it is well known that DFT is not too accurate in the calculation of energy differences due to such effects.
Vibrational Wavenumbers, Spectra and Assignments of Normal Modes
The optimized structural parameters of diphenylsulfone and 4,4 -sulfonyldianiline were used to calculate Table 4 . Calculated (dp denotes calculated depolarization ratio) and observed wavenumbers (Infrared and Raman spectra) [17] together with the ratio of observed to calculated wavenumbers (always with the observed infrared wavenumbers if possible) and the assignment of the vibrations to atomic motions based on the program GAUSSVIEW for 4,4 -sulfonyldianiline (Dapsone, C 2v : 23 the vibrational frequencies of the ground state structures at the DFT-B3LYP/6-311G** level of calculation, since it is well known that DFT yields wavenumbers in rather good agreement with experiment. Assignments of the normal modes were carried out using the program GAUSSVIEW 3.0 for the stable conformers of the molecules instead of normal mode calculations as described previously [10, 11, 23] . The reason for the use of GAUSSVIEW is the presence of some vibrations containing out-of-plane movements of the phenyl rings which lead to the fact that our set of internal coordinates for phenyl groups is incomplete, lacking ring carbon wagging coordinates needed to describe out-of-plane motions of a phenyl ring.
Discussion
The interesting properties and medicinal importance of 4,4 -sulfonyldianiline (Dapsone) as a sulfa drug [12 -17] have turned our interest to investigate its structural stability in the present study. We extended the work to diphenylsulfone [18, 19] as the main building unit of the sulfa drug to understand the nature of the forces that control the conformational stability of such an important system. In an early study the characteristic vibrational modes of the -NH 2 and SO 2 groups and the aromatic ring have been assigned from isotopic shifts and studies in different solvents [17] . The determination of the molecular structure of Dapsone has shown that in the solid state it has a structure that slightly deviates from C 2v symmetry, with the benzene rings almost parallel to each other and both nearly perpendicular to the OSO plane [8] (see Table 2 for a definition of these geometries).
The vibrational modes of Dapsone were correlated by assuming C 2v symmetry of the molecule. In the present study we attempted to provide a more comprehensive structural and vibrational study of Dapsone by combining both theoretical and experimental data. The following discussion is focused only on the assignments of the intense spectral lines that characterize both molecules (see Tables 3 and 4 for experimental Raman spectra in the solid state as provided by Sigma Aldrich). The IR band positions and Raman line wavenumbers for diphenylsulfone were measured out in the spectra from the links: http://www.aist.go.jp/RIODB/SDBS NO. 1420 for the Infrared spectrum [21] and from sigmaaldrich.com for the Raman spectrum (both in the solid state or solution) [22] . The experimental information in Table 4 for Dapsone was taken from ref. [17] . Note, that the agreement in measured and calculated wavenumbers cannot be too good, because the molecules in the calculations are in the gas phase, while the experimental spectra were recorded in condensed phase leading to intermolecular interactions not present in the calculated models.
There appears an A 1 mode around 560 cm −1 which is very strong in the Infrared but very weak in the Raman spectrum and can be assigned to SO 2 bend coupled with a ring deformation. The line (only in the Infrared spectrum) at about 590 cm −1 is again very strong and could be identified as the theoretical α-CH 2 + β -CH 2 symmetric wag. The next strong band in the infrared around 690 cm −1 is α-CH 2 + γ-CH 2 symmetric wag. At around 730 cm −1 there follows a band which is very strong in the infrared and corresponds to a symmetric in plane ring deformation. Also, as expected, the SC 2 antisymmetric stretch is strong in the infrared at around 765 cm −1 . CH in-plane bends are a strong feature again in the infrared around 1100 cm −1 , while at 1160 cm −1 a very strong band appears which is SO 2 symmetric stretch, while the antisymmetric one is strong both in the Infrared and the Raman spectra around 1192 cm −1 . Up to about 1500 cm −1 three strong to very strong features appear in the Infrared, but not in the Raman spectrum, which are all in plane antisymmetric ring deformations. The rest of the features in the spectra are all very weak to medium, while α-CH 2 − β -CH 2 antisymmetric stretch at 3047 cm −1 is strong in the Raman spectrum. All other lines are very weak. The obs./calc. ratios (when possible based on observed infrared bands) are between 0.93 and 1.04 as to be expected, besides the lowest wavenumber (experimental) line at 111 cm −1 with 0.76. However, such low wavenumber features are usually plagued by anharmonicities which are not corrected for in our calculations.
In the case of Dapsone there are many similar features, however, with contributions from the -NH 2 groups in para positions. The experimental line positions are taken from ref. [20] . However, the assignments there, based just on similarities with other molecules, seem to be questionable to us, especially the assignment of the 107 cm −1 line in the Raman spectrum as a lattice mode, when the sample is in Nujol, i. e. without any crystal lattice, while we assign it to SO 2 rock with ring deformation, just as the 111 cm −1 line in diphenylsulfone, which we trust more, especially as the SO 2 scissor with ring deformation appears at practically the same wavenumber (184 and 185 cm −1 ) in both molecules -which in [20] is assigned as torsional mode. The torsions are not observed because according to our calculations they appear at extremely low wavenumbers around 10 cm −1 . The strong vibrations with major NH 2 contributions in Dapsone are NH 2 wagging modes together with SC 2 wagging, which are very strong infrared features at 545 and at 555 cm −1 , the latter one being a strong shoulder. Another very strong infrared band is also NH 2 wagging together with SC 2 wagging at 727 cm −1 . Finally, at 3445 cm −1 in the Infrared (medium intensity) and at 3464 cm −1 (weak intensity) in the Raman spectrum the NH 2 symmetric and antisymmetric stretches are observed. Regarding normal modes which do not include NH 2 contributions the Dapsone spectrum is rather similar to that of diphenylsulfone discussed earlier.
However, there is one remarkable difference between certain modes of the two molecules. These are normal modes in which the two phenyl rings behave as if they are the strings of two coupled pendula fixed at the sulfone group with a mass at their freely swinging ends, the para positions in the rings. The big difference here is that in case of the drug Dapsone the freely swinging mass (NH 2 ) is about 16 times heavier than the one in diphenylsulfone (H) which -to our knowledge -shows no to only negligible medical activity. These vibrations are low energy ones at 47, 147, and 241 cm −1 in diphenylsulfone, and at 32, 97, 158, and 365 cm −1 for Dapsone. The remarkable difference between the two molecules is that in these normal modes the heavier mass at the ends of the "pendula strings" enforces a much larger out of plane bending than the H atoms can in diphenylsulfone. Likewise, in Dapsone there are two out of plane ring twisting vibrations at 420 and 424 cm −1 , which do not occur in the parent diphenylsulfone. Besides the fact that due to the NH 2 groups the aromatic ring systems in Dapsone should be somewhat more rich in electrons than in the parent, this higher structural flexibility of the phenyl rings in the drug Dapsone than in the non-drug diphenylsulfone could be a hint that this higher flexibility might be a -probably minor (see below) -reason for the drug activity of Dapsone, in that a molecule with more structural flexibility might fit better into receptor sites in cell membranes. This is probably a minor effect for the drug efficiency of Dapsone, since hydrogen bonding should play a far bigger role, while the probably most important fact is the lipophilic nature of Dapsone in contrast to other similar molecules [24] , because Mycobacterium leprae contains large amounts of unusual lipids in its cell wall, making it more permeable to Dapsone [24] .
Conclusion
We have made a full assignment of the vibrational spectra of Dapsone and diphenylsulfone to the movements of atoms in the normal modes, using the program GAUSSVIEW. However, a setback of this method is that it does not provide numerical evidence for the assignment. On the other hand, a PED (Potential Energy Distribution) calculation could overestimate the relative importance of certain symmetry coordinates in a normal mode. This is due to the fact that a symmetry coordinate with a relatively large force constant could lead to large PED contributions already at small displacements. Thus we propose that in the future symmetry coordinate calculations should be performed to obtain numerical evidence for the assignment of normal modes to symmetry coordinates. However, this evidence should not be based on PED values but rather on the expansion coefficients of a normal mode in terms of symmetry coordinates, since trustworthy vibrational assignments are very important to identify occurring atomic motions on a quantitative basis on the one hand, and on the other hand to identify reaction mechanisms by carefully monitoring changes in vibrational spectra due to chemical reactions, knowing which atomic motions cause a given vibrational line. For our systems, we have found that the drug Dapsone has a larger structural flexibility in its phenyl rings than the parent compound. This leads to the speculation that this flexibility in the phenyl rings might allow the drug to fit better into receptor sites in cell membranes. However, as detailed above, we assume this structural flexibility to play at best a minor role in the drug activity of Dapsone, if at all. Currently we study a similar molecule as Dapsone, which has hydroxy groups instead of amino groups in the para positions of its phenyl rings. Since the mass of an OH group (17 amu) is not much larger than that of an NH 2 group (16 amu) this molecule should exhibit the same kind of structural flexibility as Dapsone if our speculation is right, because that molecule also shows medical activity. However, again as detailed above, structural flexibility probably plays only a minor role in the drug activity of Dapsone, the most important effects being the lipophilic nature of Dapsone [24] and its ability to form hydrogen bonds.
